Questions: Recently there have been vital discussions about the validity of the European patch-mosaic conceptual model of forest dynamics -the traditional concept of a shifting patch-mosaic of development stages and phases, also known as the forest cycle concept. Here we try to answer the fundamental questions of this debate: (1) how much do forest dynamics proceed along a predictable path (in a chronological sequence: growth-optimum-breakdown); or (2) vice versa, are the patches rather a result of disturbances and/or other stochastic growth and mortality patterns?
. On the other hand, the forest cycle concept has been criticized as being too simplistic (Christensen, Emborg, & Nielsen, 2007; Gratzer et al., 2004) and has been questioned several times using quantitative spatial analyses, abortively looking for non-random 'patchy' arrangements of growth and mortality processes (Szwagrzyk & Szewczyk, 2001 ), or by finding close-to-random stand characteristics on the finest spatial scales in natural spruce-fir-beech forests (Paluch, 2007; Paluch, Kolodziej, Pach, & Jastrzebski, 2015) . The latter arguments were rebutted by our previous work (Král, Valtera, Janík, Šamonil, & Vrška, 2014) , finding a patch pattern of basic stand characteristics in natural beech-dominated forests through multi-scale spatial analyses: what appeared to be random at the fine scale of individual trees was revealed as a periodic patchy pattern at larger scales (patches usually 400-1100 m 2 in size). This is a well-known natural phenomenon described e.g. by Levin (1992) : by enlarging the scale of sampling we move from unpredictable, unrepeatable individual cases to a collections of cases whose behaviour is non-random enough to reveal significant pattern.
However, as aptly pointed out by Paluch (2007) , to date, little attention has been paid to the fundamental difference between 'patchiness' as a general forest pattern feature resulting from the spatial and temporal correlation of ecological processes, and the 'accidental occurrence of less or more homogenous patches', which may be the effect of quite random natural phenomena. In other words, the fundamental question is: is there spatio-temporal coherence in the development of forest development phases assumed by the patch-mosaic cycle concept? Probably the best way to truly prove or disprove the concept and validity of the patch-mosaic cycle is to perform rigorous multitemporal analyses and examine the behaviour of the system through phase-to-phase transitions observed in the long term. As a first such attempt may be considered the work of Christensen et al. (2007) , who repeated the mapping of forest development phases in Suserup Skov (Emborg et al., 2000) and quantified transitions from phaseto-phase over 10 years. The results were rather surprising, as nearly half of the stand changed the phase during the period and important deviations from the basic forest cycle appeared: some phases were almost skipped and regressive phase shifts were unexceptional. Such findings might largely be explained by the guestimate field mapping of development phases with limited reproducibility, as well as by the simplified approach of phase definitions (all phases were defined only by the uppermost canopy layer of the patch).
Obviously, a necessary condition for a rigorous multi-temporal comparison of forest development stages is their objective and reproducible distinction and delineation. For that purpose we used spatially explicit rule-based classification, which transforms historical and recent stem position data sets into maps of forest development stages and phases . This method is based on previous works on objectified mapping of forest development stages and phases (Král, McMahon, Janík, Adam, & Vrska, 2014; Král et al., 2010) and ensures that the same stand structures (observed through the local presence of living and dead trees of given breast height diameter (DBH)) will always be classified and delineated in the same way.
The overall aim of our study was thus straightforward: to validate the forest cycle concept by a rigorous examination of spatio-temporal development patterns observed over more than three decades. The two following hypotheses were tested, both of which should be confirmed to validate (authenticate) the patch-mosaic cycle concept: (1) forest dynamics proceed along non-random, predictable paths; and 
| METHODS

| Data sets
A multi-temporal comparison of forest development stages and phases was performed on five permanent research plots located in four study and mixed mountain beech-spruce forests (Boubín plot). All research plots are located in strict forest reserves left to spontaneous development in the long term; their main characteristics are listed in Table 1, for extended description of research sites see Appendix S1. At all plots (in total covering almost 180 ha) detailed tree censuses including stem mapping were carried out in the 1970s, 1990s and 2000s (Vrška, Hort, Odehnalová, Adam, & Horal, 2001; Vrška et al., 2006 Vrška et al., , 2012 deadwood, only distinguishable stems were recorded; woody debris of tree branches was neglected (analogous to living trees, where only stem positions are recorded).
| Rule-based spatially explicit classification of development phases
The classification used here employs the stem position maps of living and dead trees of DBH ≥ 10 cm as input data, and therefore can be applied to corresponding data sets. The stem maps were spatially filtered by the moving widow approach in GIS. Through this focal filtering, the local tree counts and basal areas of both live and dead trees in different DBH classes were calculated separately for every square meter in the stand and its circular surroundings (diameter of the calculation window was 21 m; shifting step 1 m). This information was consequently classified with a rule-based classification; the complete method is available as a ready-to-use ArcGIS Toolbox published as the Supplementary Material of Král et al. (2016) . The DBH bins used in different forest types were defined and justified in Král, McMahon, et al. (2014) . In accordance with Král et al. (2016) this classification distinguishes ten development phases described in the following section and portrayed by respective local DBH distributions characteristic for individual development phases (Appendix S2).
| Characterization of forest development phases
Individual forest development phases may be defined as follows Král et al. (2016) .
| Empirical classification of transitions
All 
| Quantitative evaluation of transitions
The statistical significance of the observed frequencies of transitions between phases, i.e. whether they were lower or higher than could be expected by chance, was assessed using bootstrapping.
From 10,000 bootstrap samples we derived null distributions for all transition frequencies under the assumption that a transition to any phase is equally likely. To tackle the spatial autocorrelation present in the 1-m resolution classification of development phases, for each research plot we used a bootstrap sample size equal to the number of non-overlapping moving windows (see the section Rule-based classification) necessary to cover the whole area of the plot. The null distributions were then used to compute two-sided p-values for the observed transition frequencies. The significance level was set at 0.05 and to avoid alpha inflation associated with multiple testing we used a sequential Bonferroni-type procedure (Benjamini & Hochberg, 1995) , which controls for a false discovery rate.
For interpretation and visualization of relative sources and sinks of phase-to-phase transitions the transitions were standardized by scaling either all sources and/or all targets of one phase to sum up to one. The standardized transitions then give the relative importance of
particular pathways relative to the source and/or the target development phase (see Appendix S3).
| RESULTS
| General behaviour of the system
Although development on individual sites was largely specific, there was a considerable consistency in the overall pattern of observed transitions. In the period from the 1990s to 2000s (i.e. in ca 12 years) usually almost half of the area (47 ± 1.5%; mean ± SEM) remained in the same development phase. From the 1970s to 1990s (i.e. in a ca 22-year period) it was usually about one third (32 ± 2.5%) of the forest, and from the 1970s to 2000s (i.e. in ca 34 years) only about one fifth (21 ± 0.8%) of the forest remained in the same phase. The rest of the stand passed from one phase into another (Table 2 ). In total (across all plots and observation periods) only about 39 ± 2.8% of these realized transitions (i.e. omitting No transition) might be classified as cyclic (along the model cycle), and thus more than 61 ± 2.8% of these transitions were acyclic (moving across or backward in the model cycle). While the proportion of the stand remaining in a phase naturally decreases with the length of the observation period, the mean ratio of cyclic/acyclic transitions (2:3) was more or less stable throughout time. However, there were some differences among individual plots, e.g. while for Salajka the proportion of cyclic/acyclic transitions was consistently about 1:1, for Boubín it was rather 1:3 (Table 2) .
A different way to evaluate phase-to-phase development is according to their observed frequency compared to a completely random development (Table 3) . In total about 65 ± 2.3% of all observed phase-to-phase transitions (including cases when the phase remained unchanged) proceeded along pathways that were significantly more frequent than random switches between phases (hereafter also called 'preferential pathways' of forest development).
About 28 ± 3.1% of observed transitions proceeded along pathways of random frequency, and only about 7 ± 1.3% of observed transitions were realized through pathways significantly less frequent than random switches between phases (hereafter also called 'uncommon pathways' of forest development). These proportions were similar across different observation periods; the proportion of significantly more and less frequent transitions only slightly decreased with the length of the observation period, while the percentage of randomly frequent transitions slightly increased (Table 3) . These values confirm the existence of a significant non-random component in the forest dynamics.
A more complex evaluation of phase-to-phase transitions and the functionality of the conceptual model of forest cycle in general are provided through a combination of the two approaches used above (Table 4 ). We can see that even if only a minority of the forest remained in the development phase during the observation period (on average 47%, 32% and 21% in ca 12, 22 and 34 years, respectively; Table 2 ), this was essentially non-random behaviour, because from 90% to 100% of this 'stable' development (depending on the length of the observation period) was realized through the preferential pathways (Table 4 ). In contrast, practically none of this kind of forest development was classified as an uncommon pathway.
The persistence of development phases in time is thus clearly predictable, spatio-temporally autocorrelated behaviour of the forest, providing evidence for some of the assumptions of the forest cycle concept.
Analogously, although on average less than 40% of transitions between different development phases were classified as cyclic (following the model cycle), the majority of these transitions were realized through significantly frequent preferential pathways. The mean T A B L E 2 The proportion of the three major transition categories in all observations; SEM, standard error of the mean proportion of 'preferential' cyclic transitions increased with the length of the observation period, from 63 ± 3.5% in 22 years to 68 ± 2.6% in 34 years, as the proportion of the stand retaining the phase decreased.
In addition, only about 7% to 8% of these transitions were realized through uncommon pathways; the rest proceeded along pathways of random frequency (Table 4 ). The cyclic transitions thus usually represented a predictable component of forest dynamics, consistent with the conceptual model of the forest cycle.
Rather the opposite was true of acyclic transitions. Although on average they formed more than 60% of realized transitions, the frequency of individual acyclic transitions was largely not significantly different from random switches between phases (on average from 53 ± 9.0% in a 12-year period to 46 ± 8.0% in a 34-year period). The proportion of acyclic transitions of preferential pathways was generally lower but still significant, and gradually increased with the length of the observation period (from 27 ± 5.8% in 12 years to 46 ± 7.7% in 34 years). The proportion of acyclic transitions that followed uncommon pathways was also not inconsiderable -i.e. about 21 ± 7.0%
in 12 years and 13 ± 4.5% in 22 years. The acyclic transitions thus usually represent stochastic and accidental components of forest dynamics; however, many of the acyclic transitions also proceed through preferential pathways.
| Specific development pathways
The complex patterns of phase-to-phase transitions in all sites and observation periods are illustrated in Figure 1 On the other hand, transitions following the early development phases were cyclical in more than 80% of cases, and transitions from Optimum typical and Breakdown initial were usually cyclical in more than 70% and 60% of cases, respectively. The early and simple structure development phases are thus the forerunners of cyclic development.
T A B L E 3 The proportion of transitions following preferential, randomly frequent and uncommon pathways defined by the comparison of observed transitions with bootstrapped random development (significance α = 0.05); SEM, standard error of the mean In contrast, more advanced and multi-layered phases, such as Growth advanced, Optimum ageing, Breakdown/regeneration and Steady State, were not only generally more abundant (see Appendix S5) and longer lasting, but often served as crossroads where the stand development might be redirected into different pathways (Figure 1 ).
Most of these pathways were preferential, but acyclic; i.e. either
T A B L E 4
The proportion of preferential, randomly frequent and uncommon pathways within the three major transition categories: No transition, Cyclic transitions, Acyclic transitions; SEM, standard error of the mean substantial shortcuts within the cycle or pathways going through the Steady State, which is the acyclic phase by definition (Král et al., 2010 ). 
| DISCUSSION
Our results clearly demonstrate that the forest cycle concept traditionally used in European forestry research has been generally too simplistic. The mean proportion of cyclic/acyclic development was about 2:3 over the long term. Cyclic transitions, which also usually proceeded along preferential pathways, were thus significantly less frequent than acyclic development. Moreover, some of the cyclic transitions (more than one third) were still realized through pathways classified as random and/or uncommon. And although on average about 65% of phase-to-phase transitions proceeded along preferential pathways, many of these pathways were branched in multiple ways. Such preferential pathways are in effect hardly predictable. The most predictable component of forest patch dynamics thus appeared to be temporal stability of certain phases. As soon as there was some development, its direction (pathway) was largely unpredictable at the local observation scale. Further use of this traditional, intrinsically phenomenological concept for descriptions of forest dynamics is thus clearly limited. The incorporation of truly quantitative concepts and methods in European forest dynamics research, e.g. 'A general quantitative theory of forest structure and dynamics' , is thus highly desirable.
| Specific development patterns
The development pathways of early development phases appeared to be fairly straightforward, because these phases are less susceptible to disturbances, and their growth, thinning and aging is mostly inevitable.
However, homogenous patches of smaller trees (i.e. without the simultaneous presence of mature trees) are rather rare in Central European temperate old-growth forests. The long-term predominance of trees established in the understorey compared to gap origin trees found by Šamonil et al. (2013) in the Žofín forest testifies to this. Gap origin trees predominated only rarely during the dendrochronologically analysed disturbance history of the stand (ca 350 years), only following major and rather exceptional disturbance events. In consequence, straightforward initial development pathways were also encountered only rarely. In other words, tree recruitment and the survival of shadetolerant species in temperate forests are either not directly linked to gap forming processes (Manabe, Shimatani, Kawarasaki, Aikawa, & Yamamoto, 2009 ), or the canopy gaps are usually very fine-scale, with mean gap sizes of about 100 m 2 (Holeksa & Cybulski, 2001; Kenderes, Král, Vrška, & Standovar, 2009; McCarthy, 2001) , and thus might be 'dissolved' in the scale of our mapping moving window (ca 346 m 2 ).
Substantially larger gaps detectable by our method are much less frequent, given the reverse J-shaped gap size frequency distribution repeatedly documented in European temperate forests (Kathke & Bruelheide, 2010; Kucbel, Jaloviar, Saniga, Vencurik, & Klimas, 2010; Nagel & Svoboda, 2008) . Gap forming processes thus might be slightly underestimated in our results.
Advanced development phases with unimodal DBH distribution (Optimum typical and Breakdown initial in our nomenclature) are similarly rare. These phases are quite unstable (see also Lorimer & Halpin, 2014) followed by periods of suppression were frequently found in their life history (Šamonil, Vašíčková, Daněk, Janík, & Adam, 2014) , even at DBH large enough to form advanced development phases.
Alternatively, the dieback of canopy trees may be very gradual, with the sub-canopy regeneration steadily proceeding from understorey to mid-storey and the phase moving from Optimum ageing to Steady State (Figure 1 ). In total, the transitions to and from the Steady State formed about one third of all transitions. This confirms our earlier assumption (Král, McMahon, et al., 2014 ) that the Steady State phase characterized by complex fine-scale stand structure plays an important role in the dynamics of Central European temperate forests and may persist in stands over the long term. This is in contrast to the traditional view of this phase (Plenter phase in traditional terminology) as a temporary transitional phase of limited duration (Mayer, 1976; Schütz, 2001 ). This 'all in one' phase more closely follows the recent perception of forest dynamics that shifts from the dynamics of discrete patches to interactions among individual trees -so-called 'neighbourhood dynamics' (Gratzer et al., 2004) . Also, the latest results of Drössler et al. (2016) indicate that neighbouring trees of different sizes dominate the heterogeneous stand structure of European natural forests, and even an initially homogenous large single cohort of small
trees can in the course of forest development be divided into different tree groups, with formerly distinct patchiness thus gradually subsiding in the long term. A similar development pattern was found by Heiri, Wolf, Rohrer, and Bugmann (2009) , who documented a long-term broadening of local diameter distributions of shade-tolerant tree species, which means that the trees increased radial increment and regenerated continuously (i.e. exhibited a pattern conforming to the Steady State). Of course, the partial incompatibility of research methods, terminology and observation scales used by different authors should be taken into account. Yet, even considering all such differences, the main message of more recent studies is noticeably similar. 
| The effect of disturbance regime
| Is the mosaic cycle resource-or consumercontrolled?
In recent years there has been an on-going debate on the importance of resource (bottom-up) vs. consumer (top-down) control in forming the structure and dynamics of vegetation communities. The prevailing paradigm in temperate forest ecology is that forest structures and dynamics are predominately bottom-up, controlled by the availability of resources such as light, water and soil nutrients (Gratzer et al., 2004; Gravel, Canham, Beaudet, & Messier, 2010; Janík et al., 2011 Janík et al., , 2016 Rademacher, Neuert, Grundmann, Wissel, & Grimm, 2004) ; i.e.
they are resource-controlled. On the other hand, large-bodied animals in general and apex consumers in particular have been increasingly portrayed as key drivers of global ecosystems through their top-down effects on lower trophic levels; many ecosystems are thus largely consumer-controlled (Bond, 2005; Estes et al., 2011) . The top-down control hypothesis has also been applied to European temperate, especially lowland, forests (Churski, Bubnicki, Jedrzejewska, Kuijper, & Cromsigt, 2017; Kuijper et al., 2010; Vera, 2000) , advocating an alternative shifting mosaic (Olff et al., 1999 ) to Watt's (1947) advance regeneration grows faster (Čater & Diaci, 2017) and seedlings and saplings are protected against browsing by numerous lying logs and branches (Olff et al., 1999) . In the presence of large carnivores such places are perceived as 'patches of fear', where browsing intensity
The complex patterns of transitions between development phases observed in different periods at: (a) the Boubín plot, (b) the Žofín plot, (c) the Salajka plot and (d) the Cahnov-Ranšpurk bi-plot. The thickness of an arrow is directly proportional to the observed frequency of the transition; the colours indicate the significance compared to random transitions between phases: green is significantly more frequent than random (preferential pathway) and red is significantly less frequent than random (uncommon pathway), grey is not different from random frequency. TL -Treeless area; GapLive tree gap; G ini. is strongly reduced and local tree recruitment facilitated (Kuijper, Bubnicki, Churski, Mols, & van Hooft, 2015) . The higher consumer control thus might reduce possible shortcuts within the model cycle while encouraging the cyclic development of local stand structures (see the only unfenced Salajka plot in Figure 1c and Table 2 with less shortcuts and highest proportion of cyclic/acyclic transitions (1:1)).
| Comparison with prior related research
Generally, similar patterns of forest dynamics were found by Frelich and Lorimer (1991) and Halpin and Lorimer (2016) for northern hardwoods through modelling at the landscape scale. Those authors concluded that frequent partial disturbances followed by quick recovery resulted in stand development pathways that resemble a complex web rather than a simple repeating cycle. Without severe stand-replacing disturbances, only transitions among different multi-aged phases dominated the dynamics of the forest landscape (Halpin & Lorimer, 2016) . The frequency and importance of partial disturbances resulted in development pathways of those multi-age stands being largely unpredictable. Early development phases were promoted only by largescale disturbances, and the following recovery was also the only part of the model where the stand development was fairly predictable (Frelich & Lorimer, 1991) . Our picture of forest dynamics is incredibly similar, although based on actual long-term observations and describing the dynamics at the much finer scale of patches within individual forest stands: only the development pathways of initial development phases driven by the collective development of juvenile tree cohorts appeared to be fairly straightforward. The development of more advanced and multi-layered phases gradually became stochastic, as their development is increasingly driven by the fate of bigger and bigger individual trees, and the future of individual trees is far less predictable (see also Drössler et al., 2016) .
Also, the first indications of Christensen et al. (2007) from the 10-year idiosyncratic field observations of Suserup Skov may be largely confirmed. In particular, our results support their findings on: (1) the release of understorey trees following (partial) canopy breakdown as a common process enabling most patches to bypass the innovation phase; (2) in contrast, the innovation phase mostly originated from phases other than the degradation phase; and (3) the release of canopy trees after partial disturbance leading to the closing of small gaps by the lateral canopy expansion of remaining trees as a kind of regressive development (Christensen et al., 2007) . The high complexity of forest development pathways was anticipated even earlier (Bobiec et al., 2000) in the Bialowieza primeval forest, although without the support of repeated observations.
| What happens next?
Because the proportion of the Breakdown phases generally increased significantly over the more than 30 years of observations, numerous transitions went into the Breakdown stage (especially into the Breakdown/regeneration phase), while transitions from the Breakdown stage were rather rare. This indicates that even when summing all the plots (almost 180 ha in total), the observed transitions were not in 'demographic equilibrium'. This may be somewhat surprising, but might be explained by the fact that all the plots are located in strict forest reserves that were usually established in the 19th and first decades of the 20th centuries in old remnants of ancient forests with significant amounts of large and veteran trees, which in those times were generally perceived as having natural value worth protecting. However, this also means that further long-term observations might reveal another (additional) pattern of transitions describing the recovery of stands from the Breakdown stage.
| CONCLUSIONS
Although most traditional forest cycle models accounted for multiple pathways and bypasses of certain phases (e.g. Korpel', 1995; Leibundgut, 1959; Zukrigl et al., 1963) , regressive development (backward transitions), multiple back-and-forth transitions between two phases (repetitive pulsation) and the importance of the Steady State were not well incorporated into those models. That is understandable, as the conceptual models were based on patch-level chronosequences and therefore a rather linear development was subjectively anticipated, while other less obvious and/or unexpected transitions were unrecognized due to the lack of quantitative long-term spatiotemporal data in those times. And although at all sites we documented signs of cyclic and predictable development anticipated by the forest cycle concept, the predominance and often stochastic nature of multiway acyclic pathways gives rise to reasonable doubts as to whether it is appropriate to call the model 'the cycle.' Similarly, if the future development of individual patches is largely unpredictable, it is rather questionable to call the phases 'developmental'. Instead, use of the term 'stand structural stages' as provided e.g. by Frelich and Lorimer (1991) and Halpin and Lorimer (2016) might be more appropriate. On the other hand, although the fitness of the traditional concept for descriptions of forest dynamics seems to be limited, its (failed) verification has (somewhat ironically) significantly increased our understanding of forest dynamics complexity.
Therefore, we do not wish to question the overall usefulness of the concept. There is still a heuristic value in recognizing the range of stand structural stages that are commonly encountered and that may be perceived uniformly due to the unifying concept (Franklin et al., 2002) . The description of stand structural stages can be still useful as a framework for biodiversity assessments (e.g. Boncina, 2000; Winter & Brambach, 2011) ; for purposes of nature conservation (e.g. Bobiec et al., 2000) ; as a model for uneven-aged silviculture (e.g. Schütz, Saniga, Diaci, & Vrška, 2016) ; or in other forestry and/or environmental applications.
